The aim of the study was to assess the influence of lithological and pedogenic factors in the shaping of Cu, Ni and Zn distribution patterns in the profiles of Brunic Arenosols and Gleyic Podzols of the lower supra-flood terrace of the Słupia River, which is located outside the range of significant anthropogenic sources of pollution with these metals.
Introduction
Parent rocks are the primary, spatially varying source of heavy metals in soils. However, dry and wet atmospheric depositions, throughfall and stemflow (Linberg and Turner, 1988; Saur end Juste, 1994; Skřivan et al., 1995) , plant litterfall (Silva et al., 1998) , as well as surface and ground waters (Logan et al., 1997; Paulson, 1997) are their most important secondary sources. In recent centuries, anthropogenic emissions have become an important source of soil contamination with heavy metals, having a relatively broad range of impact. Increasing environmental pollution caused by these substances in the 20th century is reflected in their elevated concentrations in the modern alluvial sediments and slope deposits (e.g. Taylor, 1996; Martin, 2000; Pasieczna, 2003; Zgłobicki, 2008) . In river valleys, concentrations of heavy metals in the sediments accumulated in floodplain terraces being under the anthropogenic impact are generally higher than those in the sediments of higher-located terraces accumulated during periods of lack of significant human activity (Brewer and Taylor, 1997) .
Heavy metals present in the soil occur in various forms associated, in various ways, with other soil components. The use of suitable extraction procedures allows to isolate water-soluble forms, exchangeable forms and forms bounded to carbonates, iron and manganese oxides, organic and residual forms (Tessier et al. 1979; Sauvé et al. 2000 , Singh et Kabała 2001 Konradi et al., 2005; Degryse et al. 2009 ). Each form differs in availability for plants and mobility. Both the forms and bioavailability of heavy metals are largely affected by a complex of physical and chemical properties of the soils, especially by their reaction (Martinez et Motto 2000; Strobel et al., 2005; McAlister et al., 2006; Fijałkowski et al., 2012) .
Studies on concentrations of heavy metals in soils and their sequestration are conducted mainly in anthropogenically polluted areas. Relatively rare are studies on natural, lithopedogenic factors affecting the patterns of distribution of heavy metals in different types of soil in unpolluted areas (e.g. Ukonmaanaho et al., 2001) .
This study aims to evaluate the role of lithological and pedogenic factors in shaping the vertical distribution of Cu, Ni and Zn in the profiles of forest Brunic Arenosols and Gleyic Podzols in the lower supra-flood terrace of the Słupia River, located beyond the area of significant impact of anthropogenic emission sources of these pollutants.
Materials and methods

Site characteristics
The investigated fragment of the lower supra-flood terrace of the river Słupia is built of loose-, fine-and medium-grained river sands, with thickness of nearly 4 meters (Florek 1989) . Thermoluminescent age (TL) of the sediments is about 9000 years BP (Jonczak et al. 2013) . The soils formed from these sands 5100-4200 years ago were locally dispersed by wind. As a result, usually in the local depressions formed eolian covers thick to about 2 meters. The texture of aeolian sands does not differ significantly from river sands, which confirms their origin from local sources and transport over a short distance (Florek 1989) . Reactivation of the aeolian processes that evolved about 400-500 years ago was related to the local deforestations (Jonczak et al. 2013 ). These processes have led, in some places, to accumulation of 20-30 cm thick aeolian layers on the surface of the existing soils (profiles G-1, G-2).
Brunic Arenosols arose from river sands, while Gleyic Podzols arose from aeolian sands, in conditions of shallow groundwater level. Gleyic Podzols characterised with humus rich and relatively poor in free iron oxides B-horizon (Jonczak et al. 2013) . At the beginning of the 20th century, the central part of the studied terrace was drained, which has led to reduction in the local groundwater level and gradual transformation of peat-like horizons of these soils into murshic horizons. Undoubtedly, the local deforestations and anthropogenic changes in species composition of forests in the past centuries were other important factors influencing soil development in this area. Today, the entire study area is covered with pine, with admixtures of spruce, oak, beech and birch. The area is located beyond the range of significant anthropogenic sources of Cu, Ni and Zn emissions. This is reflected in the low concentration of these metals even in the urban soils of Słupsk where a slight increase of the geochemical background is rarely observed (Pasieczna 2003; Parzych et Jonczak 2014) .
Methods
Field studies were conducted in 2010. Fifteen soil pits were dug, soil profiles were described and sampled. The samples were collected from each genetic horizon, dried and analysed. The soils were described after the 5th edition of the Classification of Polish Soils (Marcinek et al. 2011) . The content of heavy metals was determined in three profiles of Haplic Brunic Arenosols and three profiles of Gleyic Podzols (Orsteinic and Murschic), whose morphology was not modified by human activity (Fig. 1) . Some features were observed only in profile R-1, which indicates the post-agricultural nature of the soil. The following soil properties were analysed: -bulk density -by gravimetric method in 100 cm 3 volumetric samples, -particle-size distribution -a combined sieve and pipette method. Division into granulometric fractions and granulometric groups was done after classification of Polish Soil Science Society (PTG 2008) , -pH -by potentiometric method in a suspension with water and 1 mol·dm -3 KCl solution in 1:2.5 proportion of soil:water/KCl, -soil organic carbon (C org. ) content -in mineral samples by the Tiurin's method, and in organic samples by the Alten's method, -the content of Cu, Ni and Zn -in aqua regia extracts (open system with reverse coolers) with microwave plasma atomic emission spectrometry (Agilent 4100 MP-AES). Two soil reference samples were simultaneously analysed to control quality of analysis.
Soil characteristics
All the investigated soils have occurred in the forest communities, with Scots pine as a dominant species for over more than a century (Table 1) . These are light-textured soils of the texture of sand. The sum of silt and clay fraction does not exceed 6.9% in Brunic Arenosols (Table 2 ) and 4.3% in Gleyic Podzols ( Table  3) . The soils are characterised by acidic and very acidic reaction. The pH H2O in organic horizon ranges from 3.53 to 4.78 for Brunic Arenosols and from 3.62 to 4.66 for Gleyic Podzols. The pH of mineral part of the soils is generally the lowest in humus horizons and ranges from 3.81 to 4.56 in Brunic Arenosols and from 3.80 to 3.97 in Gleyic Podzols. In all profiles, the observed increase of pH with depth may be due to the impact of the groundwater (Tables 2, 3 ). Brunic Arenosols are moderately rich in organic carbon whose content in humic horizons ranges from 9.9 to 48.6 g·kg -1 (Table 2) . Gleyic Podzols are characterised by a much higher content of this component. Humic horizon (excluding the initial humic horizon formed in young Aeolian horizons) contains 32.3-77.0 g·kg -1 of organic carbon, and orsteinic horizon contains 13.0-35.6 g·kg -1 (Table 3) .
Results and discussion
The chemical and physical properties of the parent material, water regime and vegetation cover are among the main natural factors affecting vertical distribution of heavy metals during soil development (Silva et al., 1998; Rusek et al., 2005; Kabała et al. 2008) . The percolative type of water regime in the temperate climate zone favours the leaching of various soil components, including heavy metals. The intensity of this process is conditioned by the physical and physicochemical soil properties (such as texture, bulk density, porosity, sorption capacity and pH) and forms of metals. The light-textured river and aeolian sands that build up the soil of the investigated fragment of the Słupia supra-flood terrace are not a limitation for the percolating water. Also the acidic and strongly acidic soil pH is conducive to the mobility of metals. Differences in the groundwater level may differentiate the vertical distribution patterns of metals in the investigated Brunic Arenosols and Gleyic Podzols. Today, the groundwater level is beyond the range of the solum of Brunic Arenosols and within the range of the solum of Gleyic Podzols. Cu, Ni and Zn, which are important micronutrients for plants, are uptaken by their root systems to be partially returned to the soil surface as a component of plant lit- (Strojan 1978 , Berg et al., 1991 Cotrufo et al., 1995) . The critical values of concentrations, however, are relatively high and are exceeded only in areas that are heavily contaminated anthropogenically (Tyler 1992) .
The maximum concentrations of heavy metals in forest soils usually occur in the organic horizon. It is the cumulative effect of the dry and wet atmospheric deposition of these metals on the surface area, influx with litterfall and their bounding by humic substances (Tyler 1973 Bergbäck et Carlsson, 1995 Saur et Juste 1994) . In addition, in the studied soils, the maximum concentrations of Cu, Ni and Zn were noticed in general in the ecohumus (Tables 4, 5 ). The content of Cu in the Ol horizon was not much variable, despite the differences in the species composition of forest stands (Table 1) , and ranged from 9.5 to 11.4 mg·kg -1 (Tables 4, 5) . A slight increase in the concentration of Cu was observed in the Of, Oh and Ofh horizons, generally to a maximum level of 12.4 mg·kg -1
. The recorded concentrations of Cu were usually several times lesser than in the organic horizon in the profiles of Brunic Arenosols and Gleyic Podzols in the area of northern Poland, according to the Atlas of Polish Forest Soils (Brożek, Zwydak 2003: profiles 81, 109 (Tuchola) , 91 (Gryfino), 94 (Osie), 95, 103, 111 (Kliniska), 98 (Gdańsk), 101 (Dobrocin), 112, 120 (Wejherowo).
Much higher differences were noticed in the content of Ni and Zn. In the Ol horizon the content of Ni ranged from 6.6 mg·kg -1 in profile G-1 to 13.7 in profile G-3, and in remaining sub-horizons of ectohumus from 7.0 to 16.1 mg·kg -1 (Tables 4, 5 ). In turn, the Zn content ranged from 47.6 to 94.7 mg·kg -1 in the Ol horizon and from 26.6 to 87.5 mg·kg Released during decomposition of plant litterfall, heavy metals are adsorbed by mineral and organic components of soil, uptaken by plant roots and microorganisms and leached into the deeper parts of the soil. The proportions between these processes vary in space and time. The contents of Cu, Ni and Zn in mineral horizons of the investigated soils were several times lower than in the ectohumus. Concentrations lower than the geochemical background values (5.4 mg·kg -1 for Cu, 4.9 mg·kg -1 for Ni and 27.0 mg·kg -1 for Zn) confirm the lack of a significant impact of anthropogenic emission sources of these elements and very low contamination of environment. The low concentration of heavy metals is also conditioned by the light texture of soils. Numerous studies have shown that the concentration of Cu, Ni and Zn, as well as of many other metals, is closely, positively related to the degree of disintegration of the mineral part of the soil, especially to the content of clay fraction (e.g. Kabała et al. 2008) . The concentrations of Cu ranged from 0.1 to 3.9 mg·kg -1 in Brunic Arenosols, and from 0.2 to 3.8 mg·kg -1 in Gleyic Podzols. The minimum concentration of Cu occurred in the parent material and the maximum in the A and B horizons. Nickel in the mineral horizons of Brunic Arenosols amounted to 2.3-6.9 mg·kg . The observed maximum concentrations of Cu in A and B horizons of these soils indicate close association of the element with soil organic matter, which is one of the most effective sorbents of metals (Leenaers et al., 1988; Logan et al., 1997; Charriau et al. 2011) . Free iron oxides are also important sorbents of metals in soils (Dąbkowska-Naskręt 2013). In the investigated soils, the components were concentrated mainly in B horizons. The observed concentrations of Cu and Ni were within the range of values recorded by Brożek and Zwydak (2003) 
Summary
Results of the studies conducted in the area of the lower supra-flood terrace of the Słupia River highlight the role of lithogenic and pedogenic factors in the spatial and vertical variability of Cu, Ni and Zn concentrations in forest soils in the areas uncontaminated anthropogenically. Accumulated in the early Holocene, poorly sorted river sands, which are the parent material of Brunic Arenosols, contained 0.1-1.5 mg·kg -1 of Cu, 2.6-6.9 mg·kg -1 of Ni and 10.3-16.2 mg·kg -1 of Zn. During 5100-4200 BP in some places, the process of their aeolization occurred. As a result, in local land depressions formed small aeolian covers built of the partially sorted and depleted in silt, clay and heavy minerals as compared to the initial material. Aeolian sands, being the parent material of Gleyic Podzols, contained slightly higher concentrations of Cu (1.3-1.9 mg·kg -1 ) and generally lower concentrations of Ni (1.2-2.4 mg·kg -1 ) and Zn (3.3-17.3 mg·kg -1 ). During pedogenesis, Cu, Ni and Zn were translocated by vegetation, from the deeper soil layers upwards to its surface, causing their concentration in the solum. Currently, the maximum concentrations of the investigated metals occur in ectohumus. This is a typical pattern found in forest soils. There were no significant differences between the ectohumus of Brunic Arenosols and Gleyic Podzols in terms of metal concentration despite the spatial variation of the species composition of forest stands. Differences were observed in the distribution patterns of Cu, Ni and Zn in the soil solum. In Gleyic Podzols, the minimum concentrations were noticed in eluvial horizons, while the maximum in orsteinic and humic horizons, which indicates metals translocation with percolating water, and close relationship of their distribution patterns with the podsolization process. Such relationships confirm the results of the studies of other authors. The maximum concentrations of the investigated metals in Brunic Arenosols occurred in humic and brunic horizons. Their distribution patterns indicate a close relationship between the metals and humic substances as well as iron oxides, as carriers and sorbents of ions.
